ABSTRACT On the basis of obtaining many characteristic information and optimization evaluation indicators for characterizing the internal insulation condition of gas insulated switchgear (GIS), how to effectively classify weights and integrate information on the evaluation indexes, and establish a comprehensive evaluation model for insulation condition considering economic value and universality is another difficult problem to be solved. In this research, the above-mentioned 23 comprehensive evaluation index system, which are optimized to cover the PD hazard, SF 6 insulation performance and time, environment and economy, are put forward, the idea of correcting the SF 6 decomposition component monitoring data are proposed, and the general mathematical correction formula and method are given. The improved DS evidence fusion theory is used to make information decision fusion. The multi-class information fusion evaluation model of GIS equipment insulation condition is established. The fuzzy level analysis is used as the evaluation method framework to solve the problem of the index weight setting and membership determination of the evaluation indexes. The application of the example shows that the evaluation model and technology established in this research has achieved multiple types of information complementation, and the evaluation results are reasonable and credible.
I. INTRODUCTION
With the advancement of gas insulated switchgear (GIS) insulation fault monitoring methods and techniques [1] - [3] , many effective information reflecting the insulation condition can be obtained. Perennial operation and maintenance have accumulated a large number of preventive test data. Using the big data analysis platform, it is possible to establish various types of database such as equipment performance index parameters, commissioning and maintenance data, cost and residual value, real-time operational data, environmental condition data, insulation characteristics and historical test data. This lays a data information foundation for establishing
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GIS equipment insulation condition comprehensive evaluation method and technology based on multi-class information fusion. However, due to the complexity of GIS equipment and the uncertainty of various data related, how to conduct scientific insulation condition assessment of GIS equipment has become a difficult and hot issue in this field.
The deterioration of GIS internal insulation defects can be measured by the PD degree, and it is also the most important method and information support for evaluating insulation condition. The present research on GIS internal insulation degradation characteristics mainly focuses on the PD development law. The process of insulation degradation in GIS is simulated by the different PD severity in the laboratory. The variation law of PD development process information is analyzed based on the various physical and chemical phenomena VOLUME 7, 2019 This and information collected during the PD development, and the deterioration law of GIS internal insulation is therefore formed [4] - [9] . The study of PD severity by scholars at home and abroad is mainly carried out from three aspects, i.e. PD development process, discharge stage division, and the comprehensive evaluation of PD severity. At present, there are relatively few studies on PD process in GIS at home and abroad. Researchers have carried out some research on the PD development process from the statistical characteristics of PD, and extracted characteristic information such as discharge times, discharge amplitudes and discharge phases, and the PD discharge law is described on this basis. Since the information acquisition process is affected by various factors, in order to make the evaluation information more universal, it is necessary to correct diagnostic data information or unify it to the standard state in order to be universal. Taking the SF 6 insulation fault decomposition component characteristic information as an example, since the micromoisture and micro-oxygen content in the SF 6 gas will make a large difference in the decomposition component ratio and the variation law, thereby reducing the feasibility and accuracy of the insulation condition evaluation. Therefore, it is necessary to construct relevant mathematical models to describe the influence law of micro-moisture and micro-oxygen and to carry out correction studies.
II. INSULATION CONDITION DIVISION A. GIS EQUIPMENT INSULATION CONDITION DEFINITION
To facilitate the on-site maintenance of the equipment, it is generally considered that the status level should not be subdivided. Referring to the actual operating conditions of the GIS equipment, the multi-source of the condition assessment information source is considered without affecting the field personnel's analysis of the equipment operating conditions. The insulation condition of the device is divided into three conditions, i.e. normal (H1), attention (H2) and dangerous (H3). The definition of each condition is shown in Table 1 .
B. PD SEVERITY STAGE
At present, there is no unified criterion for the PD severity. According to the investigation of the actual operation of GIS and the study of the law of the PD development process, the PD severity is divided into three state levels, namely normal S1; attention S2; dangerous S3, as shown in Table 2 . The simulation of internal insulation defects of GIS equipment adopts four typical physical models, namely metal protrusion defects (N defects), free metal particle defects (P defects), insulator surface contamination defects (M defects) and insulator air gap defects (G defects). Taking the UHF spectrum changes of N defect at 27.3kV, 31.6kV and 36.4kV as examples, it can be seen that the characteristics of PD discharge changes under three state levels, as shown in Fig. 1 .
Fuzzy c-means clustering algorithm (FCM) is used to cluster the characteristic data under different applied voltages, there are three categories of clustering objectives. The clustering results are shown in Table 3 .
III. SF6 DECOMPOSITION COMPONENT MONITORING DATA CORRECTION
In all the insulation monitoring data information of the acquired PD UHF, ultrasonic, and SF 6 decomposition components, the accuracy of the first two information is mainly determined by the monitoring system's own response characteristics, as long as the monitoring equipment has strong anti-electromagnetic and the ability of noise interference, other environmental factors have little effect. The accuracy of monitoring data of SF 6 decomposition components can be easily affected by the amount of micro-moisture and micro-oxygen in the equipment, so it is necessary to normalize the SF 6 decomposition components in order to meet the universal requirements of insulation condition assessment.
According to the SF 6 decomposition reaction equation under fault, combined with the theory of chemical kinetics, the theoretical analysis of the changes caused by the product mechanism and the influencing factors is carried out. The general expression of the model function derived from the literature [10] is combined with the experimental data to determine the unknown constants in the function and correct the experimental data.
The relationship between the characteristic component ratio and the micro-moisture and micro-oxygen content can be expressed by a power function:
where x represents the initial value of micro-moisture
represents the characteristic component ratio; α, β and γ are constants reflecting different characteristic components, which can be obtained by the least squares fitting using the obtained experimental data. Theoretical derivation found that the influences of micro-moisture and micro-oxygen on the decomposi-
and f (CO 2 )/f (SO 2 F 2 ) are in line with the power function relationship. In order to construct a mathematical model of the influence of micro-moisture on the SF 6 decomposition characteristic ratio, the power function of (1) is used to fit the experimental data. Through the nonlinear least squares regression, the three unknown constants α, β and γ in the model can be confirmed. The influence factor model constants are shown in Table 4 , and four specific mathematical model expressions considering four component ratios can be thereby obtained.
The mathematical model expressions of four SF 6 decomposition characteristic component ratios f ( In order to construct a mathematical model of the influence of micro-oxygen on the SF 6 decomposition characteristic ratio, the power function of (1) is used to fit the experimental data. The influence factor model constants are shown in Table 5 , and four specific mathematical model expressions considering four component ratios can be thereby obtained.
The mathematical model expressions of four SF 6 decomposition characteristic component ratios f ( (6)- (9):
Taking micro-moisture correction as an example. Assuming that the correction curves of micro-moisture in different micro-oxygen contents have the same trend, the micromoisture correction equation under different micro-oxygen contents is as shown in (10) . g(y, z) represents the characteristic component content ratio when the micro-moisture content is y and the micro-oxygen content is z. l x is the offset of the correction curve on the vertical axis.
Then, the characteristic component content ratio after the micro-moisture correction is as shown in (11):
where y n and z n are the current levels of micro-oxygen and micro-moisture.
IV. MULTI-SOURCE INFORMATION EVALUATION MODEL FOR GIS EQUIPMENT INSULATION CONDITION
At present, the insulation condition evaluation of GIS equipment is still in its infancy. The State Grid Corporation of China only conducts four levels of normal, attention, serious and dangerous according to the status of all components of GIS equipment, and there are no clear specifications and explanations for the subdivision and evaluation of equipment insulation status. Therefore, when constructing the GIS insulation condition assessment model, this paper follows the criteria suitable for guiding on-site state maintenance.
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The evaluation model proposed is based on the analytic hierarchy process, the fuzzy membership function is introduced, and the weight calculation based on objective data analysis is established. Finally, the scheme realizes the decision fusion through Dempster-Shafer (DS) evidence decision theory and gives the evaluation results.
A. GIS EQUIPMENT INSULATION CONDITION EVALUATION MODEL
Based on the previous analysis, evaluation indexes of insulation conditions in this paper include PD hazard factors, SF 6 gas insulation performance and other related indexes (running time and environment and residual value, etc.). In the synthesis of all evaluation indicators to assess, it is necessary to determine the weight of each index, and assigns weights to the 23 comprehensive indexes of the three categories. The sum of the weight in the entire weight matrix is 1. If 23 indexes are added in parallel, the weight of each indicator is less than 0.1, which is not conducive to highlight the extent to which certain indexes affect the final evaluation results. Hierarchical weight distribution can be carried out according to different sources of information, especially for the two categories of PD hazard information and SF 6 gas insulation performance information. Therefore, in the process of constructing the condition assessment model, the model architecture of multilevel evaluation is adopted, and finally the decision-making layer is integrated. The specific process of decision fusion is as follows:
1) The comment set X for the evaluation model is defined as: X = {H1: normal; H2: attention; H3: dangerous }. 2) Based on multi-source PD information, combined with SF 6 gas insulation performance information and other indexes, the SF 6 evaluation index system is constructed, i.e. 9 PD UHF evaluation indexes, 3 PD ultrasonic evaluation indexes, 4 SF 6 fault decomposition component evaluation indexes, 2 SF 6 gas insulation performance indicators, 5 other related indicators (ambient temperature, running time, overhaul times, depreciation rate and surplus economic value), these indicators jointly construct the evaluation index set U. 3) Establish a fuzzy evaluation matrix R. That is, the fuzzy relation matrix R of the set X to the set U is established to evaluate the membership of each evaluation object. 4) The weight of each evaluation index is calculated as V = [y1, y2, . . . , y m ], where m is the number of indexes included in each source of information. The expert weighting method and the factor analysis method based on mutual information are used to weight each source information separately. Evaluation indexes are weighted.
is calculated, which is the probability that the sample input is subject to each condition. 6) Multi-source information decision fusion. The PD hazard is combined with the SF 6 gas insulation performance evaluation results, and the final decision results are obtained by the inference rules of DS theory.
B. EVALUATION INDEX WEIGHT DETERMINATION
The index of SF 6 gas insulation performance refers to the existing engineering application regulations. When establishing the evaluation indexes of SF 6 gas insulation performance and other related performance evaluation factors, the expert weighting method in the analytic hierarchy process is adopted [11] . Two index weight vector sets that characterize SF 6 gas insulation performance and other related properties [12] The mutual information I (x, y) [13] in the mutual information theory represents the correlation between two random variables x and y, and in the definition p(x), p(y), p(x, y) respectively represent the probability of the variable density. Historical fault data collected can be used as the expert's theoretical experience to complete the weighting of the indicator on the basis of historical objective data mining. Specifically [14] , [15] : the information correlation degree between the evaluation index v i in the evaluation parameter set V and the insulation condition level H is measured by D = The weight of the indicator essentially reflects the importance of the indicator to the final evaluation result. Therefore, we can start from the essential meaning of the weight, draw on the correlation degree measurement criterion of mutual information, and excavate the correlation degree between each index and the final severity assessment through the existing data analysis. Thus, the subjectivity of the existing expert assignment method is overcome to the greatest extent, which makes the final evaluation conclusion more accurate.
Here the calculation 3 is used to measure the information relevance of all variables:
where, the index vector y = [y1, y2, . . .] T is a measure factor, and the meaning of the formula is to weigh the D and R aspects of the information. The optimization condition of the quadratic function is:
where k is the number of evaluation indexes. By solving this quadratic programming function, the y value of the indication vector corresponding to each evaluation index can be obtained, so that the information system constructed by all the evaluation indexes reaches the maximum relevance minimum redundancy. And y here is the weight factor we need. Based on the analysis method of the above index weights, the sample data of the PD UHF, ultrasonic, and SF 6 decomposition components are respectively used as the data basis of the weight analysis, and therefore k in (12) and (13) is determined to be a constant, and the operator 3 is obtained by the optimization condition. The weights of the three PD source information obtained using the existing data are as shown in Table 6 .
C. EVALUATION INDEX MEMBERSHIP ANALYSIS
In the actual SF 6 device condition evaluation process, it is difficult to have absolute threshold division between the defined evaluation states according to the actual operating condition of the device. Therefore, in the process of processing, multiple choices are introduced into the fuzzy theory, and the membership degree of each evaluation index is defined by fuzzy membership function to avoid cross-border boundaries being misjudged to adjacent levels.
where µ i,Hm is the membership degree of the evaluation index v i belonging to the state H m . The membership function can be selected according to the actual situation. In this research, evaluation indexes of four insulation faults are selected in the condition evaluation index. The boundary of the membership function needs to use the sample data of four faults. Therefore, simpler triangular and trapezoidal functions are used as fuzzy membership functions for the index evaluation, as shown in Fig. 2 .
For a certain evaluation index v i , the possible degrees of the three insulation conditions H1, H2 and H3 are shown by (15) ∼ (17): 1) H1: normal
2) H2: attention
3) H3: dangerous
where, U i represents the value of the i-th evaluation parameter in the evaluation index v 1 -v 18 , and r i1 , r i2 and r i3 respectively indicate the membership degree of the i-th evaluation index to the three insulation condition levels of normal, attention and dangerous. Then, the evaluated monitoring sample is substituted into the calculation to obtain the fuzzy evaluation matrix R: 
In order to obtain the membership function of each evaluation index, the key is to determine the membership degree boundary of each evaluation index, that is, the values of a 1 , a 2 , a 3 , a 4 and a 5 in (15) ∼ (17). The FCM algorithm [16] , [17] is introduced to mine the historical data of the existing evaluation indexes, and to obtain the index clustering center and clustering radius in the sample system constructed by the existing evaluation indexes. The values of a 1 , a 2 , a 3 , a 4 and a 5 are constructed according to the cluster center and the cluster radius. It is assumed that the state centers obtained by FCM are o i1 , o i2 , o i3 , and the corresponding radius is r i1 , r i2 , r i3 , then the boundaries of the fuzzy membership functions a i1 , a i2 , a i3 , a i4 , and a i5 values can be calculated by (19) : (19) In addition, in boundary value processing for characterizing the micro-moisture content and gas leakage value, refer directly to the parameter requirements of the guidelines Q/GDW448-2010 and DL/T596 -2008 in the State Grid Corporation of China, as shown in Table 7 . 
D. IMPROVED DS EVIDENCE FUSION THEORY
The DS evidence theory fusion rule [18] is a comprehensive inference of different decision results or different source monitoring results. The theory attempts to solve the problem of insufficient prior knowledge of decision makers in the actual decision process by mathematical theory. Due to the existing research on GIS insulation condition evaluation, the evaluation results of various condition information sources still lack sufficient theoretical support for decision analysis. Therefore, this research uses DS evidence theory fusion rules to deal with the impact issues of different source monitoring results on the accuracy of GIS insulation condition assessment.
The DS evidence theory involves the following basic definitions [19] , [20] : 1) basic probability assignment function m(A): the original probability distribution BPA of any proposition A under a single source of evidence:
where is the evaluation framework: = {A 1 , A 2 , . . . , A n , θ}; A i represents the i-th possible conclusion of the system; θ is the uncertainty.
2) Belief function Bel(A)
The minimum support for all information for the entire decision is generally expressed as the belief function Bel(A):
3) Plausibility function Pl(A) The maximum support for all information for the entire decision is generally expressed as the plausibility function Pl(A):
For Bel(A) and Pl(A), there is:
4) Dempster synthesis rule The calculation formula for two evidences B and C is:
where K represents the sum of the products of all mutually supported m functions in the two evidence sources, indicating the degree of conflict between the two evidence sources. The smaller the value, the smaller the conflict. In addition, in the actual calculation process, the operation of the two evidence sources under the combination rule can be performed according to Table 8 . In the case of less conflict of evidence, that is, the evidence tends to one or more factors, the DS evidence theory combination rule can move closer to the more certain factor. However, when the evidence conflicts more or even completely, the conclusions often do not match the facts since the DS evidence theory will discard all conflicts. Therefore, in the improved DS evidence theory, the concept of evidence compatibility is introduced. The compatibility coefficient of the probability distribution m i (A k ) and m j (A k ) with respect to A k can be defined as:
The size of the compatibility coefficient ranges from 0 to 1. The greater the compatibility coefficient between the two evidence sources, the more reliable the results of the two evidence sources are. Given that there are n sources of evidence, the compatibility matrix consisting of the compatibility coefficients between the sources of evidence is:
The matrix indicates the support degree between the two evidence sources. The higher the support degree, the higher the compatibility. In addition, the absolute compatibility of each source of evidence is:
Ideally, all sources of evidence are expected to be equal, and the compatibility coefficient is 1. For n sources of evidence, the ideal compatibility is n − 1, and the credibility is:
The basic probability assignment function obtained before the DS evidence fusion is multiplied by the credibility L i (A k ), that is, the reliability is used as the weight of the basic probability assignment. Finally, recalculate according to the evidence fusion rule.
V. CASE STUDY
According to the engineering project related to the GIS equipment insulation test of the research group, data samples of 220kV GIS faulty gas chamber interval running for 3 years were obtained. Before the evaluation, the insulation condition of the GIS in the interval was evaluated as dangerous condition.
Firstly, the discharge magnitude of PD measured by the IEC60270 method is about 15pC. According to the provision of GB/T 7674-2008, it can be determined that the equipment is in a dangerous condition. Then, a certain amount of PD pulse signals are simultaneously collected by the UHF sensor and the ultrasonic sensor. The selected evaluation values are calculated by the corresponding feature extraction method, and the UHF and the ultrasonic evaluation values are normalized to obtain F 1 = {0.456, 0.389, 0.562, 0.798, 0.695, 0.776, 0.568, 0.687} and F 2 = {0.543, 0.422, 0.389}. Gas ratios are calculated by measuring the SF 6 decomposition component in the gas chamber, and the feature set of the SF 6 decomposition component is obtained as F 31 = {0.065, 0.222, 0.434, 0.071}. Micromoisture content test results showed 1089 ppm, and the micro-oxygen content test result was 1382 ppm. The SF 6 gas leakage in the interval of the GIS equipment was measured to be 0.64 µL/L. Due to the short operation time of the equipment, the parameters such as running time, overhaul frequency, depreciation rate and remaining economic use value can be temporarily ignored. Therefore, this case focuses on the calculation of PD hazard information and SF 6 insulation properties evaluation results.
According to the membership function obtained in the previous research, the PD UHF evaluation parameter sample data is substituted into the fuzzy membership function, and the fuzzy membership matrix is obtained as: 
Similarly, the evaluation matrix for the PD ultrasound index is:
Since the measured micro-moisture content exceeds the standard, it is necessary to correct the micro-moisture content of the SF 6 decomposition component ratio index. Only the micro-moisture content is corrected to 500 ppm, regardless of the micro-oxygen content. The ratio of the four component contents after the correction can be obtained by (11) 
The evaluation matrix obtained of SF 6 decomposition component indexes after the micro-moisture correction is:
Through the improved DS evidence theory analysis, the PD hazard evaluation fusion result is:
And the SF 6 insulation property evaluation result is:
After the final fusion, the insulation condition is judged to be in a dangerous condition, which is consistent with the actual situation. However, SF 6 decomposition component index before micro-moisture correction and the SF 6 insulation property index evaluation results show the attention condition, which did not match the actual situation. Through the correction of micro-moisture on the characteristic components and the multi-source information fusion, the misjudgment that can be brought about by single-source information evaluation can be effectively avoided. The advantages of multi-source information monitoring are effectively utilized.
VI. CONCLUSION
1) Based on the theory of chemical reaction kinetics, the power function variation law of four groups of characteristic ratios of SF 6 decomposition components and micro-moisture and micro-oxygen content are given. The experimental data can be used to determine the unknown constants in the function expression, and the specific mathematical models of four characteristic component ratios are established. The model can provide a method for correcting the influence of micro-moisture and micro-oxygen on the characteristic component ratios. 2) The ambient temperature, running time, overhaul times, depreciation rate and surplus economic use value of the equipment operation are introduced into the evaluation model for the first time. For 23 comprehensive evaluation index systems of the three categories, this research adopts hierarchical weight distribution according to different information sources. While highlighting the information of equipment hazard and insulation indexes, it integrates the necessary economic value indexes for comprehensive decisionmaking. Moreover, the specific process of hierarchical weight distribution is given. 3) In the actual process of GIS equipment insulation condition evaluation, there is generally no absolute threshold division between the defined conditions. Therefore, the concept of fault membership degree of fuzzy theory is used, and the triangular membership function is selected as the fuzzy membership function to avoid cross-border boundaries being misjudged to adjacent levels. 4) In the determination of evaluation index weight, in addition to the expert weighting method in the traditional analytic hierarchy process, a weighting method based on mutual information factor analysis is constructed. In the process of finally integrating the evaluation results of multi-source information, the improved DS evidence theory rule and multi-layer decision fusion method are used to solve the problem of the effect of different source monitoring results on the accuracy of GIS insulation condition assessment. The case study results show that the evaluation scheme proposed in this paper effectively complements the multi-source information and improves the reliability of the GIS insulation condition evaluation results. 6 and its replacement gas, and switch equipment new technology research.
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